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h 1 2 A 3 i-4By H. C. Me ta , W. F. Chen, J. . Manson and J. W. Vanderhofr
1 . INTRODUCTION
Every highway department is confronted with the problem of
deterioration of concrete bridge slabs, as well as reduced skid resis-
tance and unacceptable wear rates of their surfaces. In large part,
this deterioration is the result of cracking and spalling of the con-
crete, which in turn is the result of its prope~ty defic~encies--high
permeability, low strength, poor durability, sensitivity to freezing
and thawing. The deterioration eventually results in corrosion of
the top layer of steel reinforcing rods. The extensive. use of deicing
salts during winter increases the salt concentration in the bridge deck
to a critical level, so that it permeates through the surface cracks
and the highly-permeable concrete surface layer down to the reinforcing
rods and causes their corrosion. This corres'ion is aggravated by
successive freezing-aod-thawing cycles which cause subsurfac'e fractures
a'nd surfa.~e. pothole's,: in the: concr~t.e,~, Other mechanis,~s of deteriora-
tion are also operative, e.g., differential expansion and contraction
and high wear rates, due to high traffic load~ and studded tires.
Various methods have been tried to protect the bridge deck
surfaces, e.g., waterproofing the surface with coatings, membrannes,
or overlays, coating the reinforcing steel with epoxy resins, and
cath6dic protection. All of these methods alleviate the problem
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temporarily, and some show promise of long-term protection or reduction
in repair costs, though such long-term protection remains to be demon-
strated. Another approach is to seal the macrocracks, micropores, and
micro~apil1aries of the concrete layer above the reinforcing steel
with an impermeable solid substance that would prevent penetration
of salt solution, for example by incorporating a low-melting wax or
by polymer impregnation.
: (7-9 12-15 18-20)In the latter approach ' , previously-cured
concrete is dried to remove the water from its void spaces and im-
pregnated with a liquid monomer or prepolymerwhich fills these voids;
then, the monomer or prepolymer is polymerized to form an interpenetra-
ting network of polymer throughout the concrete. These polymer-impreg-
nated .concrete composites have been 'shown to be 'impermeable to water
and salt solutions, and to have superb resistance to freezing-and-
thawing, ch~mical attack, and abrasion; moreover, their compressive,
tensile, and flexural strengths are about 300% greater thart those of
. . (7 8 13-15 18 19)
unmod1f1ed concrete. ' , "
Although these excellent properties of polymer-impregnated
concrete have been demonstrated in ,the laboratory, the technology for
its application to bridge decks in the field has not yet been developed,
The ultrafine pore structure of concrete makes it difficult to dry and
impregnate thick co~crete slabS t6 a sufficient depth. The problem is
complicated by the' fact that the methods that were so successful in
the laboratory are not directly applicable to the field, e.g., the
bridge deck cannot be pur into an oven for drying or into a pressure
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chamber for impregnation. In the field, the drying and impregnation of
the slabs would almost certainly have to be accomplished from one side
of the slab.
Earlier work at the Brookhaven National Laboratory and the
U.S. Bureau of Rec1amation(7,8,18,19) and the Univer~ity of Texa~ at
Austin(9) showed that 2-inch (5-cm) penetrations of new or bad1y-
deteriorated decks could be achieved within a reasonable time by surface-
drying and monomer-ponding (i.e., impregnation at atmospheric pressure)
techniques. The goal of the Lehigh-Pennsylvania State University team, (13)
however, is to achieve a 4-inch (lO-em) penetration in sound, salt-contam-
inated decks. Such a penetration would allow the interpenetrating
network of polymer to envelope the top layer of 're in£orcing steel and
seal off the capillary channels of the concrete, to prevent the permea-
tion of salt solutions and subsequent corrosion of the steel. To accom-
plish this deeper penetration requires greatly enhanced rates of drying
and impregnation because:
(1) Both the rate of water evaporation and monomer impregnation
· 1 h f · (13 , 14, 20)are.,,~proport~ona to t e square root 0 t~me" so
that the deeper the desired depth of drying or impregnation,
the longer the time required to achieve it, e.g., it takes
5 days to achieve a 6-inch (IS-em) penetration into thoroughly-
dried concrete using the monomer-ponding technique~13)
(2) The rates of drying and impregnation of salt-contaminated
concrete are slower than those of ~ncontaminated concrete(20)
because the salt clogs the capillary pores and restricts the
movement of water and monomer~
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Extensive investigations commenced at our laboratories~13)
starting with experimental work on 24x24x6 inch (61x61x15 em) thick
concrete slabs and culminating finally into a small scale field trial
of the prototype apparatus in March 1974~14) The work comprised the
following:
(1) Development of apparatus and techniques for impregnation of
the slabs with various monomer systems.
(2) Evaluation of the effective~ess of the technique in terms of:
(a) properties and condition of the concrete slab
(b) drying of the slab preparatory to impregnation
(c) the properties of the polymer-impregnated concrete,
especially durability, skid resistance, abrasion resis-
tance strength and perrneabilityo
(3) Demonstration of the technique in field using the prototype
apparatus developed in the laboratory with a goal of achieving
a 4-inch (10 em) penetration to completely envelope the top
steel rebars o
Details and results of this extensive investigation were
reported in the Joint Transportation Engineering Meeting in July 1974
in Montreal, Canada(14) and the following conclusions were drawn from
the work:
(1) Concrete may be impregnated with monomer to any desired depth
provided it is thoroughly dried to that depthf 13 ) this drying
may be accomplished in the laboratory and in the field using
a propane torch assembly(14) or infrared heaters~2)
(2) The rate of impregnation is proportional to the applied
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pressure and the time~;(20) thus, the impregnation of concrete
slabs to any desired depth can be accomplished within a
reaso~able time using a pressurized impregnation device bolted
to the bridge deck or slab~14)
(3) Polymerization of monomer-impregnated concrete slabs has been
accomplished to 6-inch (15 cm) depths in the laboratory(13)
and to at least 5-ineh (12.5 em) depths in the field~14) using
azobisiobutyronitrile initiator and low-pressure stearn for
heating.
(4) All test results indicate that the polymer impregnation is
de~se and uniform to the stated depths both in the laboratory
and in the field; the goal of field impregnation to a depth
below the top layer of steel reinforcing rods has been achieved
on a small scale.
(5) The polymer-impregnated concrete cores from slabs impregnated
from one surface as indicated in Table 1 show excellent freeze-·
thaw resistance, 80-90% reduction in water absorption, in-
creased compressive and split-tensile strength, good corrosion
resistance in the presence of salt, (see also Fig. 1) and
improved abrasion and acid~etching resistance; the single core
from the first small scale field impregnation trial shows even
better reduction in water absorption and equivalent acid-
etching re~istance.
Based on the success of first small field trial, larger-scale
trial was carried out on the same bridge at the Penn State University
test track in August 19740 The purpose of this paper is to describe-
this test in detail.
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2 0 lARGER-SCALE FIELD ll1PREGNATION TRIAL ON PENN STATE UNIVERSITY TEST
TRACK
2.1 Preparation and Drying
2.1.1 Bridge
The test track bridge (Figs. 2 and 3) consists of a two-span
two-lane structure with a span of 60 ft (18.25 m) center-to-center.
Bearings were used for each of the simple spans. The width of the bridge
comprises two IS-ft (4.56-m) traffic lanes and a 6-ft (1.82-m) shoulder.
The bridge is' on a 550-ft (168-m) radius curve and has a. uniform super-
elevation of 10.40% from gutter to gutter. One span of the structure is
decked with precast pres,tressed concrete planks with a compos'ite cast-
in-place concrete topping. The other span has a conventional cast-in-
place deck formed on removable wood forms in one half (including the
area selected for impregnation in span 2) and on s~ay-in-place forms in
the other half. Safety curbs and parapets, without railings are used
on both spans. Stringers for the bridge are precast prestressed
composite I-beams.
2.1.2 Preparation
The necessary equipment and materials were assembled, and a
12x4 ft (3.65xl.22 m) impregnation chamber unit (Fig. 4) was built and
transported to the site. The particular area selected for impregnation
(Fig. 3) was one to .which 0.4 Ibs/sq ft (1.95 kg/m2 )of calcium chloride
deicing agent had been applied over the two-year bridge-deck testing
period$ Cores were taken from this area and analyzed to determine
the salt content at different depths.
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2.1.3 Drying
The area to be impregnated was dried by the
Pennsylvania State University group with portable high-energy gas-fired
infrared heaters 4x5 ft (l.22xl.53 m) in dimensions. To dry the l2x6 ft
(3.65xl.83m) area, three different heater positions were required.
It took approximately 4 hours of heating for the concrete deck to reach
o - 0 . '.250 F (110 C) at a depth of 4-io (10 em). The heater in each position was
shut down as soon as this was accomplished.
2.2 The Impregnation Unit
The 4x12 ft (1.22x3.65 m) impregnation unit constructed of
3/8-in (I-em) aluminum sheet was designed to permit impregnation of a
3x12 ft (O.92x3.65 m) section, using either atmospheric pressure or
an applied pressure of 20 psi (Fig. 4). This 36-sq ft (3.34 m2 ) area
was selected to be of a scale compatible with potential practice. For
impregnations under pressure, the unit was provided with 24 one-inch
(2.5 cm) holes to accommodate 3/4-inch (1.8 em) self-drilling tie-do,wn
inserts in holes drilled in the deck (Fig. 5); for use at various
slopes, the long walls were trapezium shaped (Fig. 6). Stiffeners
were welded to reinforce the plate to withstand the 20 psi (138 kn/m2 )
pressure. During welding, great care was taken to prevent distortion
of the plate, to ensure that it could be sealed to the deck with a
relatively thin gasket.
2.3 Impregnation of First Area
2.3.1 Attachment of Impregnation Unit
After locating the rebars using a pachometer, the insert
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holes were marked out"and drilled (Figs. 5 and 7a).' Despite these pre-
cautions, one rebar was struck by the drill; drilling through it widened
the hole sufficiently to cause some difficulty later with the impregna-
tion (see below), even though an epoxy resin was used to bond this
insert. The impregnation unit was placed over a dual set of silicone
rubber gaskets 6.75xl in (18x2.5 em) in cross-section to the deck
(Figs. 6,8). Th~ procedure is necessary only for press~rized impregna-
tions.
2.3.2 Impregnation
Following placement of the impregnation unit, a total of 120
Ibs (54.5 kg) of monomer (90:10methylmethacrylate-trimethylolpropane
trimethacrylate mixture containing 0.5% azobisiobutyronitrile initiator)
was fed into the chamber, and the pressure was raised to 15
psi (104 kn/m2 ) over a period of 10 minutes. No leaks were observed
through the gaskets, but some. leakage was observed on the underside
of the deck (Fig. 9). The latter leakage was ascribed to small cracks
formed at the unconstrained edge of the deck section; no s~ch cracks
were observed in the next section, ,which was , away from the edge. The
insert in the epoxy-filled hole described above then worked loose,
causing excessive leakage at 15 psi (104 kn/m2 ); therefore, the pressure
was reduced to 5 psi (345 kn/m2 ), and the impregnation was continued
for about 7.5 hr., during which period the monomer supply was replenished
twice. The residual monomer was then pumped out. A total of 140 Ibs
(64 ·kg) of monomer was estimated to have been used, with about 20 Ibs
leaking thro~h the cracks.
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2.3 0 3 Polymerization
area,
After covering the adjacent already-dried 3x12 ft (8.92x3.65 m)
300 gallons (1140 liters) of hot water at 19SoF (91oe) was intro-
duced into the chamber; the water, which had been previously heated in
oil drums using propane torches, was circulated through a heated 55-gal
(209 liters) drum (Figs. 10,11). Unfortunately, apparently the water
picked up some residual monomer, for when it was spilled on the deck,
its vapors were ignited, requiring the use of a fire extinguisher.
(This illustrates the hazards ~mplicit in the use of methyl methacrylate
monomer and the need for extreme caution in its handling.) To avoid
these problems, the circulation of hot water was stopped, 165 more
gallons (627 liters) hot water were added, and the water was heated by a
combination of three 2500-watt immersion heaters and steam produced
in a pressure cooker. (Thus, experience was gained with. several heating
systems.) To minimize heat losses~ the chamber was covered with a
fiber-glass insulating layer and a tarpaulin (Fig. 12); it was possible
o °to maintain a mean water temperature of 169 ± 9 F (76 ± 5 C) throughout
the 12-hr polymerization period. Using the thermocouple arrangement
shown in Fig. 6b, it was found that internal temperatures at the edge
of the treated area ranged from 120 to l3SoF (49° to 570 e) depending
on the depth and location (see Fig. 13).
To verify whether the deck has been impregnated to the desired
depth, the next day a core was taken from the area which had shown the
lower polymerization temperature. As described below, the impregnation
was satisfactory.
-10
Thus, these results show that the polymerization can be achieved
with ponded water, heated electrically or with steam.
2.4 Impregnation of Second Area
2.4.1 Preparation
After removal of the water used with the first area, the
impregnation unit was unbolted, 16 more inserts were fitted, and the
unit was bolted down on the adjacent area (Figs. 3,7a,14). Despite
precautions, two rebars had been struck during drilling; these holes
filled with epoxy resin before bolting. It was also noted that the
gaskets (made of Dow-Corning Silastic E rubber) showed signs of deterior-
ation in the form of hardening and edge-cracking. Since the serrations
in the surface were ~-in (6-mm) deep, the gaskets were placed very
carefully and the bolts were tightened to 150 Ibs "(1471 newtons) torque,
using a torque WTench to balance the stresses q
2.4.2 Impregnation
Although a pressure test indicated that some leakage was
occurring through the inner gaskets, it was necessary to either proceed
or cancel the trial, since the site had to be cleared by the following
morning for PennDOT work on the deck. It was decided to proceed. After
introducing" 120 Ibs (54 kg) of monomer, a pressure of15 psi (104 kn/m2 )
was applied gradually, in the hope that the second gasket would hold.
In fact, the leakage stopped, apparently because the monomer swelled
the stiffened inner gasket. However, slight leakage was noted from a
small crack on the underside of the deck. After 3 hours, the inlet valve
(7~-in or 19 em thick)
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of the impregnation unit became clogged with polymer and remained 'so
for 4 hr, at which time it was replaced with another valve, and pressuri-
zation was continued for an additional 5 hr. In the latter case, the
pressure was reduced to 5 psi (34.5 kn/m2 ) because of loosening of the
two epoxy-mounted bolts. Thus, the schedule for the 12-hr period was:
3 hr at 15 psi (104 kn/m2 ), 4 hr at ambient pressure, and 5 hr at 5 psi
(34.5 kn/m2 ). The impregnation of the second area was done during the
daytime, the monomer was protected from sunlight to prevent autoaccelera-
ting curing which could lead to premature polymerization.
,2.4.3 Polymerization
In this case, the same general procedure was used as in the
o 0first area, except that hotter water 210 F (99 C) was introduced into
the chamber, and the water temperature was maintained at 180°F (82°C)
for 12 hrs. At this time, it was found that the bottom of the heated deck
was l50 F (~8oC) hotter than the surrounding area.
Because of the resumption of the PennDOT testing program on
the deck immediately after completion of the trial, cores have not yet
been taken from this second section~ These cores will be taken soon,
however, to determine the depth of impregnation and the different
properties.
2.5 Observations and Discussion
As shown in Fig. 14, when the impregnation unit was removed
after polymerization, a froth of polymer was found on the surface of
the deck, but this was easily washed away. On close examination, the
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surface was found to be speckled with conical beads of hard polymer,
showing that the polymerization had taken place at least on the surface
(Fig. 15). A 4-inch (lO-em) diameter core taken from the first area
(Fig. 16) showed that full impregnation was obtained up to a depth of
3~" (8.9 em) with an additional 1 inch (5 em) or more of partial impreg-
nation, thus demonstrating that the stated objective of up to 4 inch
(10 em) impregnation, was achieved. The results in the second area
are expected to be even better since pressurization was done at higher
pressure for a longer time.
It may also be noted that both the drying and impregnation
experience show that it is just as easy to treat a larger area as
a smaller one; indeed, the heat losses, cracking, and total impregnation
time are thus minimized.
Even though several problems occurred during this first large-
scale trial, the treatment of two adjacent 3 x12 ft (O.92x3.65 m) sec-
tions was accomplished successfully during one weekend, starting at
4 p.m." on August 23 and ending at 7 a.m. on August 25. Clearly, in
practice these times can be reduced significantly.
As many different tests as possible will be run on the treated
sections, such as water permeability, abrasion, freeze-thaw behavior,
skid resistance and, most important, effectiveness of sealing the
concrete against salt migration. These tests will be run on cores or
on the track itself.
While this larger-scale field trial was successful in achieving
its objectives, the following points should be noted:
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(1) The rebars must be located accurately to avoid cutting through
them while drilling for the inserts.
(2) The two-gasket system worked very effectively; however, the
Silastic rubber was not as resistant to methyl.methacrylate
as had been expected. Better gasket material or a more
extensive cure should be used.
(3) Rough surfaces should be leveled with a grinder, to ensure
proper sealing.
(4) Cracks, especially near the edge of the slab, should be
sealed both top and bottom with an epoxy resin or other suita-
ble material before impregnation.
(5) Careful attention must be given to minimizing the fire
hazard of methylmethacrylate. The safest procedure is to pond
with water heated with steam or electrically.
(6) During impregnation, the chamber should be well-insulated,
to minimize the possibility of premature polymerization.
(7) The valves should be checked-to see that they are not blocked
by polymer left from previous polymerizations.
(8) The process cycle in the field consists of 6-8 hrs of
drying and preparation, 10 hrs. of impregnation at 5-10
psi (34.5-69 kn/m2 ) and· 12 hrs of hot-water polymerization.
These same times should be applicable" to larger or more
numerous drying and impregnation units.
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3 • CONCLUS IONS AND FUTURE PLANS
The field experience with large-scale impregnations shows
that it is just as easy to impregnate a larger area as a smaller one,
with further savings in heat losses, pressure, impregnation and
polymerization time. The stated objective of impregnating beneath
the top reinforcing rebar has been achieved. The experience gained
will make further trials successful enough to give promise not only
of long range improvements in deck durability but also indicate its
potential to become one of the key treatment procedure for future.
Future plans include additiDnal testing on the impregnated deck area
and impregnation trials on an actual bridge deck in service.
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TABLE 1 RANGE OF IMPROVEr1ENT IN PROPERTIES OBTAINED BY SURFACE
IMPREGNATION OF SLABS(14)
(1) freeze-thaw dura- 1460 to greater than
bility ASTM C671; 2000
freeze-thaw dilation
in microinches at
10th cycle
Properties
(2) compressive
strength
(3) split-tensile
strength
(4) water-absorption,
% improvement
(5) abrasion resis-
tance, % improve-
ment
(6) corrosion resis-
tance
(7) acid-resistance
Regular Concrete
2970 psi (20500 kN/m2 )
to 4080 psi (28100
kN/m2 )
310 psi (2160 kN/m2 )
to 560 psi (3850
kN/m~~ )
poor in presence of
salt
poor
Concrete, Impregnated from
One Surface
10 to 40
8520 psi (58800 kN/m2 )
to 12030 psi (83000
kN/m2 )
830 psi (5710 kN/m2 )
to 1050 psi (7240
kN/m2 )
76 to 92
55 to 90
excellent, even in
presence of salt
excellent
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Fig. 1 Scanning Electron Photo-Micrographs of the Near-End Sections of
Steel Reinforcing Rods in Salt-Contaminated Concrete Slabs After Freeze-
Thaw Testing: A. Polymer Impregnated Core B. Unimpregnated Core
Fig. 2 Overall 'View of the Bridge at PSU-PennDOT Test Track
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Brg. N. Abut.--,
o Indicates Deicing Agent
To Be Applied
Span I
Brg. S. Abut.
O Indicates Depth of Concrete CoverOver Top Deck Reinforcement
Spon 2
Fig. 3 Location of Deterioration Test Strips on Bridge Deck
Fig. 4 Impregnation Chamber Positioned Over First Area Near the Edge
of the Bridge
Fig. 5 Drilling of Inserts in the Concrete Deck
Fig. 6 Positioning the Vessel on the Area of Treatment
~21
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'2'
,Drill-In Inserts 3/4" sd •3 ~II Long.
Figm 7a Sketch Showing the Adjacent Areas·for Treatment and Location
of Inserts
Fig. 7b Sketch Showing the Location and Depth of Thermocouples to
Monitor Temperatures During polymerization
Fig. 8 Tying Down the Vessel Over the Gaskets with Bolts
Fig. 9 Monomer Leakage from Underneath the Slab at the Free Edge
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Fig. 10 Circulation of Heated Water from Drums to Impregnation Chamber
Fig. 11 Close Up View of the Impregnation Chamber Filled with Hot Water
Fig. 12 View of the Chamber Covered with Insulation During Hot Water
Polymerization
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Fig. 13 Temperature Distribution Curves for Hot-Water Polymerization
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Fig. 14 Polymer Froth on the Surface in First Area. Impregnation
Vessel on the Second Area.
Fig. 15 Close-Up View of the Impregnated Surface. Note Polymer Beads
on Surface.
Fig. 16 Crossection through a 4" Diameter Core from the First Area.
Note 3~" of Full Impregnation with 1~" Band of Partial Impregnation.
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